Introduction
============

Surgery, chemotherapy and radiation are the most common strategies in traditional cancer therapy. However, dysfunction caused by these treatments has a considerable impact on life quality. Photodynamic therapy (PDT) is an increasingly important therapeutic modality with spatiotemporal selectivity for the treatment of cancer and other diseases. The noninvasive nature of PDT enables maximal preservation of tissue functions. PDT involves the delivery of photosensitizers to the tumor site and subsequent irradiation with certain wavelengths of light to switch on the photochemical reaction. Cytotoxic reactive oxygen species (ROS) produced during PDT can destroy intracellular biomacromolecules through oxidative stress. However, the clinical application of PDT is limited dramatically by hypoxia in the tumor microenvironment (TME) caused by intracellular high oxygen consumption and distorted tumor blood vessels, resulting in low ROS production [@B1]-[@B4]. The majority of efforts to overcome hypoxia have focused on increasing O~2~ generation efficiency to relieve the hypoxic TME [@B5]-[@B8]. Several catalytic agents that could decompose endogenous hydrogen peroxide (H~2~O~2~) or glucose into O~2~ were developed for O~2~ supplements in PDT [@B9]-[@B12]. However, intracellular H~2~O~2~ is quite limited and difficult to sustainable supplement. In addition, the decomposition of glucose still requires O~2~, which restricts O~2~ self-delivery during PDT [@B10]. Therefore, it is highly desirable to create a strategy for sustainable supplement of O~2~ for PDT.

Ferroptosis, a recently identified form of regulated cell death, can result in the overproduction of lipid-based ROS via the inhibition of system x~c~^-^ and the biosynthesis of glutathione (GSH) [@B11]-[@B14]. Another unique property of ferroptosis is that the cellular labile iron pool (LIP) is increased during ferroptosis and the Fenton reaction between H~2~O~2~ and ferric ion can produce O~2~ in a sustained manner [@B15]-[@B19]. Emerging strategies based on ferroptosis have been developed for cancer therapy [@B18], [@B20], [@B21]. It is well known that how to increase the concentration of ROS and O~2~ in TME is an important bottleneck for PDT. Fortunately, the aforementioned characteristics inside the ferroptosis cells are exactly necessary for promoting PDT. Therefore, we imagined that if ferroptosis could be combined with PDT, the efficacy of PDT could be dramatically improved. Herein, we proposed a novel concept of ferroptosis-promoted PDT. It is noted that a small molecular ferroptosis inducer erastin and a photosensitizer chlorin e6 (Ce6) contain quinazoline and porphine, respectively. Therefore, we inferred that erastin and Ce6 could be self-assembled into nanodrug via hydrogen bonding and π-π interactions. As illustrated in Scheme [1](#SC1){ref-type="fig"}, a carrier-free nanodrug containing erastin and Ce6 was constructed via supramolecular interaction, named as Ce6-erastin. After being uptake by tumor cells, erastin-induced ferroptosis resulted in the accumulation of lipid-based ROS and increased O~2~ concentration via the Fenton reaction. Upon light irradiation, the sustainable O~2~ generation could guarantee efficient photochemical reaction to generate increased levels of ROS and result in oxidative damage to the cellular constituents. This strategy enables the combination of ferroptosis and PDT in a supramolecular self-assembled nanostructure to promote PDT in tumor site.

Results and Discussion
======================

Oral tongue squamous cell carcinoma (OTSCC) appears to be an aggressive subgroup of cancer with strong invasion and metastasis ability [@B22]. As tongue plays an important role in pronunciation, shallowing and digestion, the function-sparing effects of PDT make it a valuable therapeutic option for OTSCC treatments. To determine whether OTSCC is sensitive to ferroptosis, we assessed the expression of Solute Carrier Family 7 Member 11 (SLC7A11) by bioinformatics analysis and immunohistochemical staining. The high proliferation rate of cancer cells increases their dependence on nutrients such as glucose, glutamine and cystine [@B23]. System x~c~^-^ is the glutamate/cysteine antiporter, which is involved in GSH synthesis and plays a key role in cellular redox regulation. Erastin induces ferroptosis by inhibiting the import of cysteine via system x~c~^-^, leading to GSH depletion and passivation of the glutathione peroxidase 4 (GPX4), which results in overwhelming lipid-ROS (Figure [1](#F1){ref-type="fig"}A) [@B11], [@B24]. SLC7A11, a subunit of system x~c~^-^, is reported to overexpress and correlate with malignancy and progression in a variety of human carcinomas [@B25], [@B26]. The overexpression of SLC7A11 is relevant to cell death induced by various conditions, such as oxidative stress and glucose starvation strategies [@B27]-[@B33]. Bioinformatics analysis was conducted through published profiles in the *ONCOMINE* database. SLC7A11 expression is found to be upregulated across different cancer types (Figure [S1](#SM0){ref-type="supplementary-material"}). Furthermore, SLC7A11 mRNA expression is significantly higher in OTSCC than in normal samples. In the data set of Ye\'s group [@B34], SLC7A11 transcripts are 3.960-fold upregulated in OTSCC samples (26 cases) compared with adjacent normal tissue samples (12 cases) (*p* \< 0.001, Figure [1](#F1){ref-type="fig"}B). To determine the expression of SLC7A11 in clinical OTSCC specimens, OTSCC tumor tissues and adjacent non-tumor tongue tissues were analyzed by immunohistochemistry (IHC). In contrast to the adjacent non-tumor tongue tissue, SLC7A11 is overexpressed in OTSCC specimens (Figure [1](#F1){ref-type="fig"}C). Based on these results, SLC7A11 may be a potential target for ferroptosis-mediated OTSCC treatment.

Ce6-erastin was assembled into nanoparticles via supramolecular interaction. Ce6 and erastin were first dissolved in dimethylsulfoxide (DMSO) and added dropwise into phosphate buffer solution (PBS). After stirring for 30 min, the mixture was well dispersed by ultrasonic concussion for another 30 min. The free drugs and DMSO could be removed through ultrafiltration. Here, the feed ratio of erastin and Ce6 in drug-drug delivery system (DDDS) was 1:1, and the resulting drug loading content (DLC) for erastin and Ce6 was 70.2% and 29.8%, respectively. Both dynamic light scattering (DLS) and transmission electron microscopy (TEM) measurements were used to clarify the aggregation behavior of this nanoparticle at a concentration of 1 mg mL^-1^. The DLS in Figure [2](#F2){ref-type="fig"}A gives a monodisperse distribution of Ce6-erastin nanoparticles with an average diameter of 150 ± 50 nm. The size and morphology of Ce6-erastin revealed by TEM imaging also shows spherical micelles with a size of 100 ± 20 nm (Figure [2](#F2){ref-type="fig"}B), which is slightly smaller than the size obtained by DLS, probably due to the swelling of nanoparticles in the hydrated state. Ce6-erastin nanoparticles of this size are appropriate for biological application [@B35]. We further investigate the stability of the nanoparticles in aqueous phase, DLS measurements were carried out for seven consecutive days. The results demonstrate that the nanoparticles would remain relative stable in PBS and serum-containing DMEM medium at 37 °C during 7 days(Figure [S2](#SM0){ref-type="supplementary-material"}).

To understand the self-assembly mechanism of Ce6-erastin nanoparticles, various analyses were carried out to examine the intermolecular interactions between Ce6 and erastin. In the UV-vis spectra (Figure [2](#F2){ref-type="fig"}C), Ce6 exhibits the maximum absorption peak (λ~max~, Soret band) at 400 nm as well as two small peaks at 502 nm and 657 nm. Upon the formation of nanoparticles with erastin, the λ~max~ of Ce6-erastin appears at approximately 405 nm, exhibiting a bathochromic shift (5 nm) with respect to free Ce6. This phenomenon manifests the J-aggregation of the hydrophobic aromatic ring arising from π-π stacking between Ce6 and erastin. Accordingly, the fluorescence spectrum of Ce6-erastin also exhibits a weak redshift in comparison with that of free Ce6, with a peak at 670 nm, further indicating the emergence of π-π stacking (Figure [2](#F2){ref-type="fig"}D). Variable-temperature ^1^H nuclear magnetic resonance (NMR) analysis was used to verify the hydrogen bonding interaction between Ce6 and erastin in a mixed solvent of deuterated tetrachloroethane and deuterated dimethyl sulfoxide (v:v = 5:1). In Figure [S3](#SM0){ref-type="supplementary-material"}, the proton signal at δ = 2.9 ppm is attributed to the proton of the CH~2~ group in Ce6 or erastin, which gradually shifts upfield to 2.6 ppm when the temperature varies from 25 °C to 55 °C. This change in the ^1^H NMR spectra is caused by the deformation of the hydrogen bond. Due to the reversible nature of the hydrogen bond interaction, the original ^1^H NMR spectrum is recovered upon cooling to room temperature. In addition, the variable-temperature Fourier transform infrared spectroscopy (FTIR) shows a wide stretching vibration peak of the C=O group at low temperature (\~ 25 °C) in the range of 1600-1720 cm^-1^, which indicates that carbonyl groups form strong hydrogen bonds in Ce6-erastin (Figure [S4](#SM0){ref-type="supplementary-material"}). When the temperature increases from 25 to 55 °C, the C=O group peak gradually becomes sharper and narrower. These results of variable-temperature FTIR clearly demonstrate that hydrogen bonds do exist in the supramolecular self-assembly of Ce6 and erastin. To investigate the formation activity of Ce6-erastin in water, the Critical Aggregation Concentration (CAC) was carried out by using DPH as a UV probe. The UV absorbance at 313 nm increases with increasing concentration of Ce6-erastin solution. The UV absorbance curve shows a inflection point when the Ce6-erastin concentration is 7.94 μg mL^-1^, which demonstrates that the Ce6-erastin nanoparticles possess steric stabilization (Figure [S5](#SM0){ref-type="supplementary-material"}).

To estimate the potential of Ce6-erastin nanoparticles as anticancer agents, the in vitro drug release behaviors of Ce6-erastin nanoparticles in PBS at pH 7.4 (with and without 10% FBS) and in acetate buffer at pH 5.0 were investigated at 37 °C to simulate different intracellular environments. The amount of dissociated Ce6 was measured by UV-vis at scheduled time intervals. As shown in Figure [S6](#SM0){ref-type="supplementary-material"}, the release profile of Ce6 exhibited a rapid release in the first 4 h in all three conditions, mainly related to the concentration gradient between nanoparticles and buffer solution. In the neutral environment with or without FBS, a slower Ce6 release was sustained over a prolonged time, and the cumulative release was less than 50% in 48 h, indicating the relative stability of Ce6-erastin nanoparticles in normal physiological conditions. In contrast, the release of Ce6 in acidic conditions was much faster than that in neutral conditions, and over 80% of the Ce6 was released within 48 h. This result demonstrated that accelerated drug release from Ce6-erastin nanoparticles could be achieved by cleaving the weak supramolecular interactions (H-bond and π-π stacking) between Ce6 and erastin in a low pH environment.

To explore the detailed self-assembly process for nanoparticle formation, a coarse-grained molecular dynamics (CGMD) simulation was performed. Figure [3](#F3){ref-type="fig"}A shows the coarse-grain mapping scheme. Figure [3](#F3){ref-type="fig"}B-G indicates snapshots of the self-assembly course at different time intervals of the Ce6 and erastin in solution through CGMD simulations. Proceeding from a random state (Figure [3](#F3){ref-type="fig"}B), the mixtures of Ce6 and erastin quickly assemble into a collection of small compound micelles (Figure [3](#F3){ref-type="fig"}C). Subsequently, these small micelles progressively fuse to develop medium sized micelles (Figure [3](#F3){ref-type="fig"}D-F), finally fusing into one large complex nanoparticle (Figure [3](#F3){ref-type="fig"}G). Furthermore, the self-assembly morphology of the nanoparticle (Figure [3](#F3){ref-type="fig"}H) shows that the strong hydrophilic segments (carboxylic acid group) of Ce6 are mainly distributed on the outside surface of the micelle while the other segments form the micelle core. Meanwhile, two kinds of microphase domains was found in the micelle core. One is formed between the apolar groups through hydrophobic and π-π interactions; the other is formed between the nonpolar groups through the hydrogen bonding interactions.

Prior to using Ce6-erastin for antitumor application, the cellular uptake of these nanoparticles by CAL-27 cells was monitored by flow cytometry (FCM) and confocal laser scanning microscopy (CLSM). As illustrated in Figure [4](#F4){ref-type="fig"}A, the FCM analysis shows that the fluorescence signal is significant after 1 h of incubation with Ce6-erastin. The fluorescence intensity of Ce6 obtained increases with incubation time, demonstrating the successful cellular internalization of Ce6-erastin nanoparticles by CAL-27 cells. The endocytosis of Ce6-erastin nanoparticles was also evaluated by CLSM. As shown in Figure [4](#F4){ref-type="fig"}B, the red fluorescence of Ce6 remains mostly in the cytoplasm of cells when the cells are cultured with Ce6-erastin, which indicates the successful internalization of nanoparticles into the cells. The brightness of Ce6 fluorescence in nanoparticle-associated CAL-27 cells increases in a time-dependent manner, which is in conformity to the results obtained from FCM. In addition, the cell internalization behavior of Ce6-erastin nanoparticles in CAL-27 cells was investigated via the intracellular trafficking of as-prepared nanoparticles (red) and commercial LysoTracker (Alexa Fluor^®^ 488 Phalloidin, Green). After the incubation of CAL-27 cells with both the nanoparticles and LysoTracker for 4 h, an orange color is observed clearly in the cytoplasmic regions of stained cells due to an overlap of green and red fluorescence (Figure [S7](#SM0){ref-type="supplementary-material"}). These results show that Ce6-erastin nanoparticles are located in the lysosome, which is promising for the degradation of Ce6-erastin nanoparticles in tumor cells.

Less dark cytotoxicity and excellent PDT-induced cytotoxicity are the essential properties of a photosensitizer. The *in vitro* dark cytotoxicity of the as-prepared materials toward CAL-27 cells was evaluated by the MTT assay. Figure [S8](#SM0){ref-type="supplementary-material"} demonstrates the cell viabilities after incubation with erastin, Ce6 and Ce6-erastin. The results show that after pretreatment with each formulation for 48 h, the CAL-27 cell viability remains above 82.9% compared with the control group. These results suggest that both Ce6 and erastin have less dark cytotoxicity against CAL-27 cells without laser irradiation. The*in vitro* laser phototoxicity of erastin, Ce6, Ce6-erastin and the mixture of Ce6 and erastin was measured after laser irradiation (650 nm, 100 mW cm^-2^) for 10 min. As delineated in Figure [4](#F4){ref-type="fig"}C and D, the cell viability of CAL-27 cells pretreated with erastin is higher than 75% under light irradiation, indicating its low cytotoxicity. After pretreatment with Ce6, the cell viability decreases gradually with increasing Ce6 dose, and beyond 53% of cells dies at the Ce6 concentration of 18.4 μg mL^-1^. It is calculated that the Ce6 dosage required for 50% cellular growth inhibition (IC~50~) is 14.24 μg mL^-1^. The destruction of tumor cells by Ce6 is attributed to the generation of cytotoxic ROS under irradiation. Compared to the free drugs, Ce6-erastin and the Ce6/erastin mixture exhibit much higher cytotoxicity against CAL-27 cells, and the IC~50~ values reach Ce6 1.78 μg mL^-1^/erastin 0.75 μg mL^-1^ and Ce6 7.0 μg mL^-1^/erastin 2.97 μg mL^-1,^ respectively, which demonstrates that the combination of Ce6 and erastin has an enhanced effect on the inhibition of CAL-27 cell proliferation.

We further calculated the combination index (CI) [@B36], [@B37] of the phototherapy and chemotherapy based on Figure [4](#F4){ref-type="fig"}E. The CI values of Ce6/erastin mixture and Ce6-erastin nanoparticles at most concentrations is lower than 1, indicating the strong synergistic effect between photodynamic and ferroptosis-induced cytotoxicity against CAL-27 cells. Furthermore, we carried out TEM observations to investigate the morphological changes in photodynamic, ferroptosis and the combination therapy. In the TEM micrograph, cells in control group show normal membrane and organelles. Cells treated by Ce6 and laser irradiation exhibit characteristic features of apoptosis like chromatin condensation, margination and the formation of double-membrane apoptotic bodies. Erastin-treated cells reveal mitochondrial morphological changes of ferroptosis, such as loss of structural integrity [@B11], [@B38]. Cells treated by Ce6-erastin and laser irradiation exhibit dual-morphological features of apoptosis and ferroptosis including smaller, ruptured mitochondria with increased membrane density and apoptotic bodies (Figure [4](#F4){ref-type="fig"}F). These results demonstrated that by contrast to free drugs, Ce6-erastin nanoparticles can induce synergistic effect of photodynamic and ferroptosis-induced cytotoxicity, leading to enhanced PDT efficacy under laser irradiation.

The apoptosis effect of the as-prepared materials described above on CAL-27 cells could be evaluated by an FITC-Annexin V/PI double-staining assay. After incubation at a Ce6 dose of 4.6 μg mL^-1^ and an erastin dose of 1.95 μg mL^-1^ and irradiation with a 650 nm laser, the apoptosis induction in CAL-27 cells by erastin, Ce6, a Ce6/erastin mixture, and Ce6-erastin nanoparticles was determined by FCM. Cells without any treatment were used as control. Figure [5](#F5){ref-type="fig"}A shows that the percentages of apoptotic cells are 2.80%, 24.8%, 78.8%, 82.6%, and 87.9%, respectively. Compared to the other drug formulations, Ce6-erastin causes the highest apoptosis rate in CAL-27 cells. These results are in agreement with the MTT results.

To further investigate the effect of producing ROS, intracellular ROS levels were tested by fluorescence microscopy using a 2,7-dichlorofluorescein diacetate (DCFH-DA) probe. Once treated by Ce6-erastin and laser irradiation, intracellular ROS could be produced via two pathways. One is ferroptosis induced lipid-ROS accumulation, and the other is photochemical process of ferroptosis-promoted PDT. In addition, cancer cells have the ability of exploiting a variety of cytoprotective mechanisms, including antioxidant molecules such as GSH, which could detoxify ROS to resist the cytotoxic effects of PDT [@B39]. The inhibition of GSH in ferroptosis could further upregulate intracellular ROS in Ce6-erastin treated cells. Treatment with erastin, Ce6, a Ce6/erastin mixture, and Ce6-erastin nanoparticles was performed, followed by laser irradiation. Cells without any treatment were used as control. As shown in Figure [5](#F5){ref-type="fig"}B, weak fluorescence is observed in cells incubated with PBS and erastin, indicating a low ROS level. The green fluorescence resulting from treatment is attributed to the presence of 2,7-dichlorofluorescein, whose release is catalyzed by the generation of ROS. The fluorescent signal increases gradually in the following order: Ce6, Ce6/erastin mixture and Ce6-erastin nanoparticles, indicating increased ROS concentrations in the intracellular microenvironment. This phenomenon indicates that Ce6-erastin nanoparticles can exhibit substantial anticancer effects in a ROS-mediated way *in vitro*.

To confirm that ferroptosis plays a role in Ce6-erastin induced cell death, the influence of all formulations on intracellular SLC7A11 and GPX4 expression was evaluated *in vitro* by western blotting. As shown in Figure [5](#F5){ref-type="fig"}C and D, consistent with previous reports that p53 mutant cells are more sensitive to erastin-induced ferroptosis [@B40], SLC7A11 protein expression is downregulated slightly by free erastin and the Ce6/erastin mixture compared with control. In contrast, the expression of SLC7A11 is remarkably downregulated by Ce6-erastin nanoparticles. The inhibition of GPX4 is essential for the formation of lipid hydroperoxides in ferroptosis [@B23]. As expected, the expression of GPX4 is shown to be inhibited by the erastin-containing drug formulations. In addition, Ce6-erastin nanoparticles significantly downregulates GPX4 expression compared to the free erastin and Ce6/erastin mixture groups. These data indicate that the nanodrug promotes the regulation of protein expression during ferroptosis.

Moreover, to verify the O~2~-evolving ability of Ce6-erastin nanoparticles, dissolved oxygen in the culture medium of CAL-27 cells was measured using the extracellular O~2~ consumption assay kit and a dissolved oxygen meter. Cells were pretreated with erastin, Ce6, a Ce6/erastin drug mixture and Ce6-erastin nanoparticles at a Ce6 dose of 4.6 μg mL^-1^ and an erastin dose of 1.95 μg mL^-1^. Cells without any treatment were used as control. The inverse correlation between the phosphorescence signal and O~2~ concentration is due to the ability of O~2~ to quench the excited state of the probe. As shown in Figure [5](#F5){ref-type="fig"}F and G, the erastin-containing drug formulations dramatically decrease the phosphorescence signal. Similarly, oxygen concentration detected by the dissolved oxygen meter is significantly elevated in Ce6-erastin-pretreated cell medium compared to that treated with the free drugs (Figure [S9](#SM0){ref-type="supplementary-material"}). Taken together, this evidence shows that Ce6-erastin nanoparticles demonstrate a remarkable ability to increase oxygen to supply PDT consumption.

It is widely confirmed that nanoparticles with an appropriate size (\~200 nm) exhibit longer blood retention time than free drugs [@B41]. Here, an *in vivo* biodistribution study of Ce6 and Ce6-erastin nanoparticles was carried out by intravenous injection into the tail veins of the CAL-27-tumor-xenografted BABL/c nude mice over the course of 4 h. As shown in Figure [6](#F6){ref-type="fig"}A, the real-time imaging of xenograft tumors is clearly visualized after the injection of free Ce6 for 1 h, and the signal of Ce6 decreases and becomes exceedingly weak by 4 h, indicating that free Ce6 would be quickly cleared from the bloodstream. For Ce6-erastin nanoparticles, relatively high fluorescence in tumor site is sustained for over 4 h. This high accumulation ability of Ce6-erastin in the tumor tissues could be attributed to the enhanced permeability and retention (EPR) effect. For quantitative evaluation of the amount of Ce6 in major organs via intravenous injection, the mice were sacrificed at different time intervals after injection, and the contents of Ce6 in all collected tumors and organs were measured by fluorescence spectroscopy (Figure [6](#F6){ref-type="fig"}B). The concentrations of Ce6 in the tumors and organs of the Ce6-erastin nanoparticle-treated group are markedly higher than those in the free Ce6 groups. All of the results demonstrate that Ce6-erastin nanoparticles have a long circulation time and good targeting capacity. Accordingly, we confirm that 1 h after drug administration is the optimal therapeutic time for the subsequent *in vivo* PDT process.

Having demonstrated the high ROS accumulation capability, amelioration of the hypoxia in the TME, and excellent tumor accumulation of Ce6-erastin, we then tested *in vivo* antitumor efficacy in CAL-27-bearing nude mice. As shown in Figure [6](#F6){ref-type="fig"}C, nude mice bearing CAL-27 tumors were divided into 8 groups, and each group was treated with different drug formulations under different conditions as follows: (i) saline, (ii) erastin, (iii) Ce6, (iv) Ce6+laser, (v) Ce6/erastin mixture, (vi) Ce6/erastin mixture +laser, (vii) Ce6-erastin and (viii) Ce6-erastin + laser. The concentrations of Ce6 and erastin were 1 mg kg^-1^ and 0.4 mg kg^-1^, respectively, and drugs were administered by intravenous injection, and light irradiation was administered for 10 min in the laser groups. As illustrated in Figure [6](#F6){ref-type="fig"}D, body weight in all pretreated groups exhibit a slight increase, suggesting that all the drug formulations have safe therapeutic effect. After thirty days treatment, the tumor volumes of the control group and the groups without laser irradiation have increased rapidly over time (Figure [6](#F6){ref-type="fig"}E). However, in the groups that received laser irradiation at 650 nm, tumor growth is significantly retarded, especially by Ce6-erastin nanoparticles. Correspondingly, the calculated tumor inhibitory rates (TIRs) of erastin, Ce6, Ce6/erastin mixture, Ce6-erastin, Ce6+laser, Ce6/erastin mixture+laser and Ce6-erastin+laser are 21.5%, 3.1%, 17.5%, 29.1%, 46.1%, 52.8% and 70.6%, respectively, relative to the tumor volumes in the control group at the end of the experiment (Figure [6](#F6){ref-type="fig"}F). These results indicate that Ce6-erastin nanoparticles have the highest PDT efficacy among all therapeutic groups due to the synergistic effect of Ce6 and erastin, leading to high generation of cytotoxic ROS under irradiation.

After treatment with various formulations, mice were sacrificed to collect and fix the tumor tissue and normal organs. The therapeutic outcome was further confirmed by hematoxylin and eosin (H&E) staining and IHC staining with Ki-67 antibody and a terminal-deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay. As illustrated in Figure [7](#F7){ref-type="fig"}A, biopsies of tumors pretreated with saline and erastin show large nuclei and spindle shapes, suggesting rapid tumor growth. Similar results are obtained in mice after the intravenous injection of Ce6, Ce6/erastin mixture, and Ce6-erastin without irradiation. In contrast, nucleus shrinkage and fragmentation are observed after PDT-inducing treatment in Ce6-containing formulations. More importantly, most tumor cells are destroyed after administration of the Ce6-erastin formulation with irradiation, implying the highest activation of cell apoptosis by the synergistic effect of Ce6 and erastin in nanoparticle formation. No apparent cytotoxicity is observed in other organs after pretreatment with all formulations, as shown by H&E staining (Figure [S10](#SM0){ref-type="supplementary-material"}). Ki-67 is used as a biomarker of cellular proliferation [@B42]. Compared to pretreatment with other formulations, Ce6 and the Ce6/erastin mixture with laser irradiation downregulates Ki-67 expression in tumor cells. In particular, Ce6-erastin nanoparticles under irradiation resulted in a significant change in Ki-67 expression. These results are also consistent with the immunofluorescence staining of tumor slides by TUNEL assay, confirming that the Ce6-erastin nanoparticles have the best ability to induce apoptosis among all groups both *in vitro* and *in vivo*. In addition, similar to the cellular results, the IHC analysis of SLC7A11 expression in xenografted tumors shows that the mixture of Ce6 and erastin and Ce6-erastin nanoparticles plus laser irradiation dramatically reduced SLC7A11 expression (Figure [7](#F7){ref-type="fig"}B), suggesting that the inhibition of SLC7A11 plays an important role in eliminating tumors.

Conclusions
===========

In summary, ferroptosis is a new formed programmed cell death with outstanding characteristics of accumulated lipid-ROS and increased ferric ion, which are potential for oxygen supplement. Based on that, we put forward a new concept of ferroptosis-promoted PDT. To verify our concept, a supramolecular Ce6-erastin nanodrug was designed and synthesized. After internalized by tumor cells, Ce6-erastin exhibited unprecedented ability of oxygen self-sufficiency to guarantee efficient oxygen-dependent PDT and exhibited superior cytotoxicity with high ROS production. Meanwhile, the enhanced PDT combined with ferroptosis could be achieved simultaneously *in vivo*, which showed excellent antitumor ability against CAL-27 tumor-bearing mice. Overall, we believe that this strategy may provide new insights into ferroptosis and PDT combination therapy and find a brand-new strategy for more effective PDT systems for cancer treatment in the future.

Methods
=======

Chemicals and Reagents
----------------------

Ce6 was bought from J&K Scientific Co, China. Erastin was purchased from Selleck Chemicals, USA. Dead Cell Apoptosis Kit with Annexin V FITC and PI and CellLight^®^ Lysosomes-GFP, BacMam 2.0 were purchased form ThermoFisher Scientific, USA. ROS assay kit and Hoechst 33342 staining solution for live cells, 100X were purchased form Beyotime, China. Extracellular O~2~ consumption reagent (ab197242), anti-GAPDH antibody (ab181602) and anti-SLC7A11 antibody (ab175186) were purchased from Abcam.

Bioinformatics Analysis
-----------------------

The mRNA levels of SLC7A11 in different type of cancers were evaluated through analysis in *ONCOMINE* database ([www.oncomine.org](http://www.oncomine.org)). The fold change was defined as 2 and *p* value was set up at 0.01.

IHC of OTSCC Specimens
----------------------

Paraffin-embedded OTSCC specimens from patients were collected under guidelines approved by the Institutional Review and the Ethics Boards at Shanghai Jiao Tong University School of Medicine (Shanghai, China). Histologic examination was carried out by two pathologists. Briefly, tissue slides were dewaxed and rehydrated, treated with 3% H~2~O~2~, incubated with anti-SLC7A11 (ab175186) overnight at 4 °C. After washed with PBST (PBS+1% tween), incubated with secondary antibody and streptavidin-horseradish peroxidase(HRP) conjugate. Tissue sections were then dehydrated, and mounted.

Preparation of Ce6-erastin
--------------------------

Ce6 and erastin were relatively dissolved in DMSO at a concentration of 10 mg mL^-1^ and stored in -20 °C. Equivalent Ce6 and erastin solution were added dropwise in PBS with stirring. After stirring for 30 min, the mixture was dispersed by ultrasonic dispersion for 30 min at room temperature. The product was then purified by ultrafiltration centrifugation (1000 g, 4 °C) for 5 min. the un-assembled Ce6 and erastin were removed [@B43]. Finally, the product was stored away from light at 4 °C for subsequent experiments.

Characterization of Ce6-erastin
-------------------------------

The UV-vis absorption spectra were collected with a UV-vis spectrophotometer (Thermo EV300, USA). The morphology of nanoparticles was observed by a B-TEM, Tecnai G2 Spirit Biotwin with 120 kV acceleration voltage. The size distributions, PDI were carried out with a DLS (Zetasizer Nano S). Variable-temperature ^1^H NMR was performed within a mixed solvent of deuterated tetrachloroethane and deuterated dimethyl sulfoxide (v:v = 5:1) at 298 K, 313 K and 328 K (Avance III 400 MHz, Bruker, Germany). Variable-temperature FTIR spectra were measured at 303 K, 363 K and 423 K by a spectrophotometer (Nicolet 6700, Thermo Scientific, America).

Model and Simulation Method
---------------------------

The MARTINI force field with four-to-one mapping strategy is used to represent the interaction center in the molecules [@B33]. According to the mapping rule of the MARTINI force field, we constructed coarse-grained (CG) model for Ce6 and erastin, respectively. There are three main types of beads: polar (P), nonpolar (N) and apolar (C) to stand for the chemical nature of the atomistic structures. The bead types for smaller particles representing 2-3 atoms including those in ring are labeled by a prefix "S". Ce6 and erastin were respectively represented by 15 and 16 CG beads.

Firstly, 100 Ce6 molecules and 100 erastin molecules were mixed in a simulation box with 7.5×7.5×7.5 nm^3^ size (which contains 62333 CG water molecules). Secondly, the configurations were optimized by the L-BFGS algorithm with an energy tolerance of 10.0 kJ mol^-1^ nm^-1^. A cutoff value of 1.1 nm was used for non-bond interactions. Lastly, 300 ns long CG molecular dynamics simulations were performed to explore the nanoparticle formation process. All the calculations were employed by using GROMACS 5.1.5 in the NPT ensemble [@B34]. A 30 fs time step is used to integrate the equations of motion with the leap-frog algorithm. The periodic boundary is used in the x, y and z directions. The neighbor list is updated every 20 steps with a cutoff 1.1 nm. The standard shift function of GROMACS is used to deal with the LJ potential and the reaction-field method is used to deal with the Coulomb potential. The LJ potential is shifted from 0.9 nm to a cutoff of 1.1 nm. The relative dielectric constant of Coulomb potential is 15. The initial velocities of beads are generated based on the Maxwell distribution at system temperature. The temperature and pressure are controlled at 303 K and 1 atm by the V-rescale thermostat and Berendsen barostat method [@B35].

*In Vitro* Drug Release of Ce6-erastin
--------------------------------------

To determine the controlled release property of the Ce6-erastin nanoparticles, 1 mg Ce6-erastin nanoparticles was suspended in 2 mL PBS and loaded into dialysis cartridges (MWCO is 3500 Da). The cartridges were submerged into buffered solutions including acetate buffered solution (pH 5.0), PBS (pH 7.4) and PBS (pH = 7.4 supplemented with 10% FBS) respectively, and stirred at 37 °C with a moderate-speed. The released Ce6 in preselected time was quantitatively measured via UV-vis spectrometer.

Cell experiments
----------------

CAL-27 cells were cultivated in DMEM high glucose medium supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin solution in a cell incubator (The temperature is 37 °C, 5% carbon dioxide and 10% humidity).

For the cellular uptake assessment, CAL-27 cells were seeded into 6-well plates at a density of 4×10^5^ cells per well, culture media containing Ce6-erastin nanoparticles (Ce6 4.6 μg mL^-1^, erastin 1.95 μg mL^-1^) was added to per well and incubated for certain time (1 h, 2 h, 4 h, 6 h) and cells without any treatment were used as the negative control. Flow cytometry quantitative analysis and CLSM (Leica TCP SP5) were performed to observe the intracellular fluorescence intensity of intracellular Ce6. For subcellular location of Ce6-erastin nanoparticles in CAL-27 cells, lysosome was stained by CellLight® Lysosomes-GFP before Ce6-erastin nanoparticles added.

For *in vitro* viability assay, CAL-27 cells were seeded in 96-well plates with 8000 cells per well and cultured for 24 h to ensure all cells were completely attached. After removal of culture media, 100 μL culture media containing gradient concentration of Ce6 (2.3 μg mL^-1^, 4.6 μg mL^-1^, 9.2 μg mL^-1^ and 18.4 μg mL^-1^), gradient concentration of erastin (0.97 μg mL^-1^, 1.95 μg mL^-1^, 3.9 μg mL^-1^ and 7.8 μg mL^-1^), Ce6/erastin mixture which containing equal concentration of Ce6 and erastin relatively to nanoparticle group, Ce6-erastin nanoparticles containing gradient concentration of Ce6 and erastin were added to each well. The concentration of Ce6 and erastin in the assay was determined by the content of Ce6 and erastin in nanoparticles tested in UV-Vis and High Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS). All treatments were exposed to near-infrared lasers (650 nm, 100 mW/cm^2^) for 10 min after 6 h of incubation. Cells pretreated with all formulations without laser irradiation was tested after incubation for 48 h for dark cytotoxicity assessment. The cell viability was measured by MTT assay. Results were calculated by the following equation:

Cell viability = (OD sample - OD background) / (OD control - OD background) × 100%.

For quantitative measurement of apoptosis, CAL-27 cells were cultured in 6-well plates with 6 × 10^5^ cells per well. Cells were incubated for 6 hours with Ce6, erastin, Ce6/erastin mixture, Ce6-erastin nanoparticles at the same concentration (Ce6 4.6 μg mL^-1^, erastin 1.95 μg mL^-1^), and irradiated for 10 min. At the same time, cells without any treatment were used as the negative control. 48 h after irradiation, cells were harvested and stained with FITC-Annexin V/PI.

For O~2~-evolving measurements, cells were seeded into 96-well plates (black wall clear bottom) with 6000 per well and incubated with 150 μL of Ce6, erastin, Ce6/erastin mixture, Ce6-erastin nanoparticles at the same concentration (Ce6 4.6 μg mL^-1^, erastin 1.95 μg mL^-1^). Cells without any treatment were used as control. O~2~ consumption rate was measured by extracellular O~2~ consumption assay kit (Abcam, ab197243) and a dissolved oxygen meter according to the manufacture\'s protocols.

For determining SLC7A11 and GPX4 expression level after treatment, CAL-27 cells were pretreated with PBS, Ce6, erastin, Ce6/erastin mixture, Ce6-erastin nanoparticles at the same concentration (Ce6 4.6 μg mL^-1^, erastin 1.95 μg mL^-1^). All the dishes were irradiated for 10 min. 48 h after irradiation, cells were lysed and the concentration of whole lysate protein was determined with BCA reagents. 20 μg of protein was separated using a 12% SDS-polyacrylamide gel and then wet-transferred to a poly (vinylidene fluoride) (PVDF) membrane. The membranes were blocked and incubated by primary antibodies at 4 °C overnight and with horseradish peroxidase conjugated secondary antibody for 1 h at room temperature. The protein bands were finally visualized with an enhanced chemiluminescence (ECL) substrate kit (Merck Millipore, USA) and analyzed using Image J software.

Animal experiments
------------------

The Institutional Animal Ethics Committee of Shanghai Jiaotong University School of Medicine approved all experimental procedures. BALB/c mice (4 weeks old, male) were purchased from the Chinese Academy of Science (Shanghai). Xenograft tumor model was established by inoculating subcutaneously with 200 μL of cell suspension (3 × 10^6^ CAL-27 cells per tumor) into nude mice.

For *in vivo* fluorescence imaging and biodistribution, tumor-bearing BALB/c mice were treated with Ce6 (1 mg kg^-1^) and Ce6-erastin nanoparticles (containing 1 mg kg^-1^ Ce6) via intravenous injection. Subsequently, the whole body imaging was acquired by a fluorescence imaging system (CRi Maestro EX, USA). The biodistribution of Ce6-erastin nanoparticles in tumor bearing mice was conducted with intravenous administration of free Ce6 (1 mg kg^-1^) and Ce6-erastin nanoparticles (containing 1 mg kg^-1^ Ce6). At the predetermined time points (1 h, 2 h, 4 h, 6 h), mice were sacrificed to separate major organs (liver, spleen, lung, kidney, heart) and tumors. After tissues were weighed and homogenized, Ce6 contents were determined by measuring the absorbance via UV-vis spectrometer.

For*in vivo* anticancer efficacy assessment, tumor-bearing mice were randomly divided into 8 groups, and each group was treated with different drug formulations under different conditions as follows: (i) saline, (ii) erastin, (iii) Ce6, (iv) Ce6+laser, (v) Ce6/erastin mixture, (vi) Ce6/erastin mixture +laser, (vii) Ce6-erastin and (viii) Ce6-erastin + laser. The concentrations of Ce6 and erastin were 1 mg kg^-1^ and 0.4 mg kg^-1^, respectively. Once every 5 days, the test compounds and saline were administered intravenously into tail vein. The tumours in laser treatment groups were subjected to laser exposure (100 mW/cm^2^ for 10 min) after 1 h of i.v. administration. The tumor size was monitored by a caliper and calculated as follows: V = W^2^ × L/2, where W and L represented the minor and major length. After 30 days, mice were executed based on the protocol of the IACUC and the major organs and tumors of mice were excised. Subsequently, the tumors and organs were fixed, embedded, sliced. All slides were stained with H&E. Additional IHC staining with anti-Ki67 antibody and anti-SLC7A11 antibody and TUNEL staining were used to analysis protein expression and apoptosis in tumor site.
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![Schematic illustration of the construction of Ce6-erastin nanoparticles and mechanistic study. The nanoparticles were first internalized by cells and then disassembled in lysosomes. Under irradiation, Ce6 and erastin produced ROS by PDT and ferroptosis, respectively. At the same time, H~2~O~2~ and increased intracellular ferric ions produced O~2~ through the Fenton reaction to remedy the loss by PDT consumption.](thnov09p3293g001){#SC1}

![SLC7A11 expression in OTSCC. (A) Illustration of erastin-induced ferroptosis by the suppression of system x~c~^-^. (B) SLC7A11 expression was frequently upregulated in 26 OTSCC tissues (OTSCC) compared with 12 adjacent normal tongue samples (Tongue) in *ONCOMINE* profile. The statistical significance level is \**p*\<0.05, \*\**p*\<0.01. (C) Representative images of SLC7A11 expression in normal tongue tissue and OTSCC tissues. Scales represent 100 μm.](thnov09p3293g002){#F1}

![Characterization of Ce6-erastin in deionized water. (A) Representative DLS measurement of Ce6-erastin in an aqueous environment. (B) Representative TEM image of Ce6-erastin. (C) UV spectra of the Ce6-erastin aqueous solution. (D) Fluorescent spectra of Ce6-erastin aqueous solution.](thnov09p3293g003){#F2}

![Molecular simulations reveal the self-assembly mechanisms between Ce6 and erastin. (A) Coarse-grained models of Ce6 and erastin. CGMD simulations on the self-assembly of Ce6 and erastin in solution. (B) Initial state; (C) 15 ns; (D) 90 ns; (E) 120 ns; (F) 150 ns; (G) 300 ns; (H) Terminal structure and the cross-sectional view of one Ce6-erastin nanoparticle. Water beads are omitted for clarity.](thnov09p3293g004){#F3}

![*In vitro* cellular uptake and cytotoxicity of Ce6-erastin nanoparticles. (A) FCM histogram profiles of CAL-27 cells incubated with Ce6-erastin for 1 h, 2 h, 4 h, and 6 h. (B) Cell internalization of Ce6-erastin nanoparticles observed by CLSM (CAL-27 cells) for 0 h, 1 h, 2 h, 4 h and 6 h. Scales represent 50 μm. (C) Schematic of the *in vitro* cytotoxicity experiment. (D) Cell viability of CAL-27 cells after incubation with erastin, Ce6, Ce6/erastin drug mixture and Ce6-erastin at different concentrations and after laser irradiation. The statistical significance level is \**p*\<0.05, \*\**p*\<0.01. (E) CI values of PDT and ferroptosis with Ce6/erastin mixture and Ce6-erastin nanoparticles towards CAL-27 cells. (F) TEM images of CAL-27 cells treated with PBS, Ce6 (2.3 μg mL^-1^), Ce6-erastin (Ce6 2.3 μg mL^-1^, erastin 0.97 μg mL^-1^). White arrowheads, normal mitochondria; black arrowheads, smaller, ruptured mitochondria; black arrow, formation of apoptotic bodies. All scale bars are 10 μm.](thnov09p3293g005){#F4}

![Antitumor effect of Ce6-erastin *in vitro*. (A) Apoptosis analysis of CAL-27 cells treated with different formulations followed by laser irradiation by FCM. (B) CLSM images of CAL-27 cells stained by DCFH-DA probe after treated with different formulations with or without laser irradiation. Scales represent 25 μm.(C) Immunoblotting of the protein expression status of SLC7A11 and GPX4 in CAL-27 cells after treated with different formulations followed by laser irradiation. (D, E) Relative bond density of the expression levels of SLC7A11 and GPX4. (F, G) The phosphorescence signal and lifetime profile of the oxygen probe reflecting dissolved oxygen in the culture medium of CAL-27 cells after treated with different formulations. The statistical significance level is \**p*\<0.05, \*\**p*\<0.01.](thnov09p3293g006){#F5}

![*In vivo* biodistribution and therapeutic efficacy against CAL-27 tumor-xenografted mouse model. (A) *In vivo* whole-animal imaging of Ce6 fluorescence at different times after intravenous injection via the tail vein in the form of free Ce6 and Ce6-erastin nanoparticles. (B) Tissue distribution of Ce6 after intravenous injection of free Ce6 (1 mg kg^-1^) and Ce6-erastin nanoparticles (Ce6 1 mg kg^-1^). (C) Experimental timeline and groups. (D) Body weight changes in CAL-27 tumor-xenografted nude mice after intravenous injection of saline, Ce6, erastin, Ce6/erastin mixture and Ce6-erastin nanoparticles with and without laser irradiation over a period of 30 days. (E) Relative tumor growth curves of tumor volume after different treatment for 30 days. (F) Tumor inhibition rates after different treatment after day 30. The statistical significance level is \**p*\<0.05, \*\**p*\<0.01.](thnov09p3293g007){#F6}

![(A) H&E, IHC and TUNEL images of tumor tissue of tumor-bearing mice treated with different formulations with or without the laser irradiation. Green: apoptotic cells. Blue: DAPI-stained cell nuclei. (B) Representative images of SLC7A11 expression in tumors of tumor-bearing mice after different treatment. All scale bars are 100 μm.](thnov09p3293g008){#F7}
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